In a recent paper, we reported the loss of large amounts of protein-bound tyrosine sulfate after infection of rat fibroblasts by avian sarcoma viruses. The analogy to the reported loss of surface fibronectin on malignant transformation, which contained sulfate of unknown location, called our attention to this compound. In a previous paper, we briefly reported on isolation from the supernatant fraction of rat fibroblasts infected by Fujinami sarcoma virus fibronectin that yielded tyrosine-O-sulfate on Pronase hydrolysis. In this paper, we confirm and enlarge on this observation. Highly purified fibronectin was obtained from the supernatant fraction secreted by Fujinami sarcoma virus infected rat fibroblasts that contained 1.52 residues of sulfated tyrosine per protein molecule after exhaustive Pronase hydrolysis. Assuming some loss during work up, this probably indicates 2 residues of the tyrosine sulfated per fibronectin molecule.
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We recently reported (1) on the remarkable loss of tyrosine sulfated proteins from avian sarcoma virus-infected rat fibroblasts. Since synthetic tyrosine-O-sulfate, as well as this tyrosine sulfate bound in proteins is very acid labile, a combination of enzymatic treatment and heating with Ba(OH)2 had previously been generally used. Since, however, it appears that by heating with Ba(OH)2 a considerable amount of tyrosine-O-sulfate is decomposed (2), we used instead the Pronase hydrolysis for 48 hr at pH 7.8, which was found in our tests to be complete.
As mentioned in our previous paper, preliminary experiments using an analogous procedure yielded tyrosine-Osulfate from fibronectin secreted by Fujinami sarcoma virusinfected rat fibroblasts (ts225-3Y1) grown at 34.5°C as described in ref. 1 . We were eager to carry out these experiments because fibronectin is known to be lost from the surface of malignantly transformed cells and also has been described to contain sulfate in unknown positions (3, 4) .
In the present paper, we report experiments using the fibronectin released from ts225-3Y1 cells grown at permissive temperature on a larger scale; then we found it to contain <2 mol of tyrosine-O-sulfate per mol fibronectin in the S-S linked dimeric molecule composed of equal parts. (2) . Bovine plasma fibronectin was purified as described below. L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin was from Worthington. All other reagents were of the highest grade.
EXPERIMENTAL PROCEDURES
Cell Culture and Radioactive Labeling. The ts225-3Y1 rat embryo fibroblasts infected by a temperature sensitive (ts) mutant of Fujinami sarcoma virus were a gift from H. Hanafusa, at this university. These cells were grown at the permissive temperature of 34.50C in Dulbecco's modified Eagle's medium (DME medium) containing 10% calf serum (Flow Laboratories). Confluent cells were labeled with either [35S]sulfate (0.3 mCi/ml; 1 Ci = 37 GBq), [3H]tyrosine (50 ,uCi/ml), sulfate-free, or low tyrosine content (10%) DME medium containing 10% fibronectin-free (gelatin Sepharose-treated) calf serum. Cells were incubated for 48 hr in labeling medium for the production of a reasonable amount of secreted fibronectin; only a trace amount of secreted fibronectin was obtained from the medium after 24 hr incubation time. Spent culture medium was removed after 48 hr for the purification of secreted fibronectin.
Purification of Secreted Fibronectin. It should be mentioned that for preparing electrophoretically homogeneous secreted fibronectin by the one-step purification procedure described below, serum-free DME medium was used in the final incubation of confluent ts225-3Y1 cells to prevent contamination arising from serum proteins. In radioactive labeling experiments, however, 10% fibronectin-free calf serum was used to reduce the background due to newly synthesized [35S]sulfated proteoglycans that tightly bind to the secreted fibronectin during the purification process and interfere considerably with the analysis of [35S]sulfated secreted fibronectin. The procedure of Chiquet et al. (5) was adopted for the purification of secreted fibronectin from the spent culture medium; it was applied directly onto a gelatin-Sepharose-4B column (1 X 4 cm) equilibrated with serum-free DME medium. After the whole fraction had passed through the column, 10 ml of DME medium was applied to elute nonadsorbing molecules. Elution was preceded by washing with 50 ml of phosphate-buffered saline (Pi/NaCI) followed by 100 ml of 0.5 M urea in Pi/NaCl to remove less tightly bound contaminants. Fibronectin was then eluted by 25 
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the immune complex bound to it, washed 5 times with Pi/ NaCl, and placed in Laemmli sample buffer (6) for subsequent electrophoresis. Enzymatic Hydrolysis to Tyrosine-O-Sulfate by Pronase. Fibronectin fractions, as prepared or immunoprecipitated, were subject to electrophoresis on NaDodSO4/4.59-10% polyacrylamide gradient gel using the method of Laemmli (6) . Thereafter, the gel was stained with Coomassie brilliant blue in 50% methanol/10% acetic acid, and destained with 25% methanol/7.5% acetic acid solution. The gel was then dried in vacuum at room temperature. An autoradiograph was taken from the dried gel. Radioactive fibronectin bands were located by autoradiography and were excised from the gel. Gel pieces containing fibronectin were further sliced into thin strips and placed in individual test tubes. Two milliliters of 50 mM ammonium bicarbonate solution containing 150 Ag-ml-l of Pronase was added to each tube. The preparation was shaken at 370C to allow the fibronectin in the gel to be hydrolyzed and eluted. After 24 hr, 0.2 ml of 1.5 mg m-1 of Pronase in 50 mM ammonium bicarbonate was added and the mixture was incubated for another 24 hr to ensure complete hydrolysis. The resulting gel eluate was separated by centrifugation and lyophilized. To the lyophilysate, 30 Al of cold tyrosine-O-sulfate standard solution (1 mg/ml) was added. After carefully redissolving, 10 pl of the solution was spotted on a TLC-cellulose plate (20 x 20 cm). The plate was then subject to high voltage electrophoresis (500 V; 90 min) in 5% acetic acid/0.5% pyridine, pH 3.5 (7), and air dried. To separate tyrosine-O-sulfate, it was then subject in the second dimension to ascending chromatography in n-butanol/formic acid/isopropanol/H20 (3:1:1:1) (8). Upon completion of the chromatography, the plate was dried and sprayed with ninhydrin solution (0.5% in acetone). Either the plate was autoradiographed, or the ninhydrin spot of tyrosine-O-sulfate on the plate was scraped off for radioactivity determination.
Miscellaneous Methods. Tryptic peptide mapping was performed on the purified fibronectin using the procedure of Tuazon et al. (9) . Amino acid composition was determined by use of a Durrum amino acid analyzer model D-500 after hydrolysis with 6 M HCO at 110°C for 24 hr. RESULTS
Fibronectin purified from spent serum-free culture medium of ts225-3Y1 cells was judged to be homogeneous by NaDod-S04/polyacrylamide gel electrophoresis. As shown in Fig. 1 , purified fibronectin migrated as a single protein band under reducing conditions with 1% 2-mercaptoethanol. At nonreducing conditions without the 2-mercaptoethanol, a major band with slower mobility and a minor band migrating at the same position as that under reducing conditions were detected. This was also found in the case of bovine plasma fibronectin when co-electrophoresed (lanes 2 and 5). Secreted fibronectin was, however, different from bovine plasma fibronectin, which yielded two closely migrating protein bands of about equal intensity. Thus, it seems from these results that, rather than a heterodimer (10) as in the case of plasma fibronectin, the secreted fibronectin is composed of two equalsized subunits held together also by interchain disulfide bonds. Furthermore, the molecular weight of secreted fibronectin was, based on its electrophoretic mobility, significantly higher than that of the bovine plasma fibronectin. In this respect, our secreted fibronectin is similar to cell surface fibronectin, which was reported similarly to be larger than the plasma fibronectin and composed of subunits of equal size. Fig. 2 To investigate the site of sulfation of the fibronectin molecule, the radioactive fibronectin band on the dried polyacrylamide gel was excised; protein molecules in the gel were eluted and hydrolyzed by Pronase. As shown in Fig. 3 , twodimensional separation of the fibronectin Pronase hydrolysate indicated tyrosine-O-sulfate to be the only radioactive ninhydrin-positive spot. Two weak radioactive spots of unknown identity were also detected. They are likely to be due to the contaminating carbohydrate-bound sulfate, because fibronectin also has high affinity toward sulfated proteoglycan (11) . To fated per fibronectin molecule were undertaken using the [3H]tyrosine-labeled secreted fibronectin. It was determined that 0.84% of the total 3H radioactivity present in fibronectin Pronase hydrolysate migrated to the tyrosine-O-sulfate spot during the previously described two-dimensional analysis (Table 1) . Assuming a molecular weight of 500,000-secreted fibronectin was shown to have a higher molecular weight than plasma fibronectin (450,000)-and a tyrosine content of 4.2 residues per 100 amino acid residues (Table 2) (Fig.  4) . This finding is compatible with less than one tyrosine residue being sulfated per fibronectin subunit, the value of 1.52 being due to loss of sulfate during the analysis or to incomplete sulfation.
The amino acid composition of purified fibronectin together with those of three plasma fibronectins are listed in Table  2 . It appears that the amino acid compositions of the three plasma fibronectins are very similar, as shown in Table 2 . The secreted purified fibronectin showed significant quantitative differences. The contents of proline, leucine, and phenylalanine were higher and glutamic acid (plus glutamine) and valine were lower than in plasma fibronectins.
DISCUSSION
The recent introduction of sulfation as a widespread occurrence in proteins seems to introduce a new possibility for modulation of activity. It is very likely that the striking stimulation by sulfation of the activity of the hormones gastrin (17) and cholecystokinin (18) indicates modulatory effects. Furthermore, the presence of nearly equal amounts of the sulfated and sulfate-free gastrin found in some preparations (19) appears quite indicative of such an effect.
Another interesting feature of sulfation is that in proteins so far it seems uniquely attached to tyrosine. Phosphorylation, by contrast, preferably is attached in proteins to ser- (20) is quite specific for tyrosine. In contrast to the mentioned stimulation of tyrosine phosphorylation, we recently reported on a quite rapid reduction of tyrosine-O-sulfate-containing proteins by retrovirus-infected rat fibroblasts (1) . This actually prompted our search for tyrosine-O-sulfate in fibronectin, which is known to be lost on malignant transformation (21) . The loss was found to deprive the tumor cells of general adhesion to various surfaces and to each other, and caused changes in cell shape.
An interesting genetic disease (metachromatic leukodystrophy) is due to the absence of hydrolysis of sulfate from the so-called brain sulfatide, a galactosulfate ceramide (22) . The missing enzyme is called arylsulfatase A. This enzyme appears to need to combine with an adjuvant to act on brain sulfatide (23) . The absence of the latter causes the disease by the inability of the body to desulfate the brain sulfatide as the first step of normal degradation. The sulfatide accumulates in the brain and all over the body because of deregulation of the balance between sulfated and desulfated brain sulfatide. The adjuvant is identified as a low molecular weight heat stable protein that binds to the sulfatide in a reversible reaction (23) . It is present normally in lysosomes but absent in a type of metachromatic leukodystrophy (24) .
As mentioned, cell surface fibronectin is lost from malignantly transformed cells (21) . It is remarkable that the addition of extracted cell surface fibronectin to transformed cells causes an extensive normalization of cell morphology as described in refs. 25 and 26. However, it does not abolish the unrestricted growth.
